Lactating sows have been shown to develop typical signs of an inflammatory condition in the liver during the transition from pregnancy to lactation. Hepatic inflammation is considered critical due to the induction of an acute phase response and the activation of stress signaling pathways like the endoplasmic reticulum (ER) stress-induced unfolded protein response (UPR), both of which impair animal´s health and performance. Whether ER stress-induced UPR is also activated in the liver of lactating sows and whether dietary fish oil as a source of anti-inflammatory effects n-3 PUFA is able to attenuate hepatic inflammation and ER stress-induced UPR in the liver of sows is currently unknown. Based on this, two experiments with lactating sows were performed. The first experiment revealed that ER stress-induced UPR occurs also in the liver of sows during lactation. This was evident from the up-regulation of a set of genes regulated by the UPR and numerically increased phosphorylation of the ER stress-transducer PERK and PERK-mediated phosphorylation of eIF2α and IκB. The second experiment showed that fish oil inhibits ER stress-induced UPR in the liver of lactating sows. This was demonstrated by decreased mRNA levels of a number of UPR-regulated genes and reduced phosphorylation of PERK and PERK-mediated phosphorylation of eIF2α and IκB in the liver of the fish oil group. The mRNA levels of various nuclear factor-κB-regulated genes encoding inflammatory mediators and acute phase proteins in the liver of lactating sows were also reduced in the fish oil group. In line with this, the plasma levels of acute phase proteins were reduced in the fish oil group, although differences to the control group were not significant. In conclusion, ER stress-induced UPR is present in the liver of lactating sows and fish oil is able to inhibit inflammatory signaling pathways and ER stress-induced UPR in the liver.
Introduction
Lactation is a physiological state, which is characterized by a marked increase in energy and nutrient requirement for production of milk. In most mammals, this elevated energy and nutrient demand is met by an increase in food intake and a mobilisation of body´s energy stores, i.e., white adipose and muscle tissue [1] [2] [3] . To conserve energy and metabolic substrates for milk synthesis in the lactating mammary gland, most species develop a diversity of metabolic adaptations in the liver, such as a reduced oxidation of fatty acids through down-regulation of transcriptional regulators of genes involved in fatty acid utilization and export of triacylglycerols from the liver to the lactating mammary gland [4] [5] [6] [7] [8] [9] . Besides metabolic adaptations, pathophysiologic conditions are commonly developing in the liver during the transition from pregnancy to lactation. For instance, in dairy cows a pro-inflammatory condition in the liver is arising in early lactation, which has been suggested to be associated with the development of fatty liver syndrome and ketosis [10, 11] . While metabolic adaptations and pathophysiologic conditions developing during early lactation have been well studied in dairy cows, little is known about specific, corresponding adaptation processes in sows (Sus scrofa). Recently, we have observed that lactation induces also a pro-inflammatory condition in the liver of sows, as evidenced from activation of the key regulator of inflammation nuclear factor-kappa B (NF-κB) and up-regulation of genes encoding positive acute phase proteins (APPs), like haptoglobin (HP) and C-reactive protein (CRP) [12, 13] . In line with this, earlier observations showed that the plasma levels of APPs, like HP and CRP, are elevated in sows one week after farrowing compared to late pregnancy [14] . The hepatic production of APPs, which is mediated by proinflammatory cytokines and occurs in response to different stimuli including infections, tissue damage and stress [15] , is regarded as detrimental in farm animals as it not only increases energy and amino acid requirement in the liver for the synthesis of positive APPs but also commonly impairs liver function [16] . Moreover, the pro-inflammatory cytokines such as tumour necrosis factor (TNF)-α generated during an inflammatory process are able to induce stress of the endoplasmic reticulum (ER), a state in which unfolded or misfolded proteins accumulate in the ER lumen [17, 18] . ER stress leads to the activation of an adaptive response known as the unfolded protein response (UPR), which aims to restore ER homeostasis and functions by triggering three kinds of protective cellular responses: (i) up-regulation of ER chaperones to assist in the refolding of proteins; (ii) attenuation of protein translation, and (iii) degradation of misfolded proteins by the proteasome by a process called ER-associated degradation (ERAD) [19, 20] . Moreover, an induction of the UPR leads to an enhancement of inflammation by activation of NF-κB, a stimulation of lipid biosynthesis and an induction of fibroblast growth factor (FGF) 21, which is a hormonal regulator of lipolysis and ketogenesis [21] [22] [23] . Besides these adverse effects, the UPR leads to an improvement of the antioxidant and cytoprotective capacity by activation of nuclear factor E2-related factor 2 (Nrf2) [24] . In the case that ER stressinduced damage is too strong and homeostasis cannot be restored, the UPR can lead to cell death by the induction of apoptosis [25, 26] . Recently, it has been observed that ER stress occurs in the liver of dairy cows during early lactation and it has been suggested that the concomitant UPR might be involved in the development of fatty liver syndrome and ketosis [27] . Whether the inflammatory process in the liver observed in lactating sows also leads to ER stress and induction of UPR in the liver during lactation, however, is currently unknown and remains to be demonstrated.
Both, in humans and experimental animal models, it has been well established that n-3 polyunsaturated fatty acids (PUFA) exert anti-inflammatory properties due to inhibition of the pro-inflammatory transcription factor (NF-κB), induction of an "anti-inflammatory" eicosanoid profile (production of 3-and 5-series eicosanoids at the expense of 2-and 4-series eicosanoids), and the production of anti-inflammatory resolvins [28, 29] . In sows, it has been shown that feeding fish oil to sows as a source of n-3 PUFA improves postnatal growth of piglets and reduces pre-weaning piglet mortality [30, 31] . Moreover, it has been found that supplementation of sows with n-3 PUFA during lactation leads to an increased litter size in the subsequent parity [32] . However, only few studies have been published so far dealing with potential anti-inflammatory effects of n-3 PUFA in sows. In one of those studies, Papadopoulos et al. [33] were able to show that a diet with a low n-6:n-3 PUFA ratio slightly reduces plasma levels of the APP serum amyloid A (SAA) in sows indicating that n-3 PUFA probably act antiinflammatory in the liver of sows. To our knowledge, direct evidence that dietary n-3 PUFA inhibit inflammation in the liver of lactating sows has not been provided yet.
Based on this, the present study aimed to test two hypotheses: First, the pro-inflammatory process in the liver of lactating sows leads to ER stress and induction of the UPR. Second, dietary n-3 PUFA exert anti-inflammatory effects in the liver of sows and thus counteract the lactation-induced pro-inflammatory condition and ER stress-induced UPR. In order to investigate whether the occurrence of ER stress during lactation and the potential inhibitory effect of fish oil are tissue-specific, we also considered the skeletal muscle in this study and investigated the effect on ER stress-induced UPR, NF-κB and Nrf2 signaling. We also studied the effect on mRNA levels of genes involved in the NOD-like receptor P3 (NLRP3) inflammasome pathway, a critical pro-inflammatory signaling pathway [34] which has been scarcely investigated in sows so far.
Materials and Methods
For this study, two trials with sows were performed in accordance with established guidelines for the care and handling of laboratory animals and were approved by the local Animal Welfare Authorities (Regierungspräsidium Giessen; permission no: GI 19/3-No. 29/2010).
Animals
In experiment 1, which has been described recently in more detail [13] , twenty second parity sows (Large White & German Landrace) were used. In brief, the sows were artificially inseminated and fed a commercial diet for gestating sows ad libitum throughout pregnancy. At the day of farrowing, the sows were randomly assigned into two groups of 10 animals each. In the first group of sows, all piglets were removed from the sow ("non-lactating group") 24 h after parturition. This group served as the non-lactating control. In the second group, litters were adjusted to 12 piglets per sow ("lactating group"). Throughout lactation until the end of the experiment the sows received a diet for lactating sows. A full description of the housing condition, diet composition, and feeding regime can be found in our recent publication [13] . In addition, data on daily feed intake, body weight development and energy balance of the sows have been reported there [13] .
In experiment 2, twenty second parity sows (Large White and German Landrace) were used and artificially inseminated as described recently in more detail [35] . In brief, after farrowing the sows were randomly divided into two groups (control group and fish oil group) of 10 animals each, and litter sizes were adjusted to 8 piglets per sow and the sows of the two groups received two different diets throughout lactation. In the control group, the diet contained 50 g of a mixture of palm oil and soybean oil (4:1, w/w, both oils were obtained from Henry Lamotte Oils GmbH, Bremen, Germany) per kg, whereas in the fish oil group the diet contained 50 g of fish oil ('Marine oil', obtained from Henry Lamotte Oils GmbH) per kg. A full description of the housing condition, diet composition, and feeding regime can be found in our recent publication [35] . In addition, data on daily feed intake, body weight development and energy balance of the sows have been reported there [35] . All efforts were made to minimize suffering. The sows showed no clinical signs of diseases during the trial.
After finishing the experiments all sows were returned into the sow herd of the animal keeping facility.
Sample collection
In both experiments, at day 20 of lactation, blood from Vena jugularis was collected 3 h after feed intake into heparinized polyethylene tubes (Sarstedt, Nürnberg, Germany), and plasma was obtained by centrifugation of the blood (1100 × g, 10 min, 4°C) and stored at -20°C pending analysis. At the same day, liver and skeletal muscle biopsy samples were taken percutaneously after anaesthesia by intravenous injection with 2 mg azaperon (Stresnil, Janssen-Cilag GmbH, Neuss, Germany) per kg body mass, 20 mg ketamine (Ursotamin, Serumwerke Bernburg AG, Germany) per kg body mass and up to 2.4 mg thiopental (Thiopental Inresa 0.5 g, Freiburg, Germany) per kg body mass as required for maintenance of anaesthesia. The biopsy procedure has been described recently in detail [36] . Liver samples were immediately snap-frozen and stored at -80°C pending analysis.
RNA isolation and qPCR
RNA isolation from frozen liver and muscle samples and quantitative real-time PCR (qPCR) analysis were performed as described in Gessner et al. [37] . Briefly, total RNA from frozen liver and skeletal muscle samples was isolated using Trizol Reagent (Invitrogen, Karlsruhe, Germany) and purified using the RNeasy Minikit (Qiagen, Hilden, Germany). The mRNA was reverse-transcribed using 1.2 μg of total RNA, 100 pmol oligo(dT)18 primer (Eurofins MWG Operon, Ebersberg, Germany), 1.25 μl 10 mM dNTP mix (GeneCraft, Lüdinghausen, Germany), 5 μl 59 RT reaction buffer (Thermo Fisher Scientific, St. Leon-Rot, Deutschland), and 60 units M-MuLVReverse Transcriptase (Thermo Fisher Scientific, Schwerte, Germany) at 42°C for 60 min, and a final inactivating step at 70°C for 10 min in a thermal cycler (Biometra, Gttingen, Germany). The qPCR analysis was performed with a Rotorgene 2000 system (Corbett Research, Mortlake, Australia). Gene-specific primer pairs, which were designed by using PRIMER3 and BLAST, were obtained from Eurofins MWG Operon (Ebersberg, Germany). Primer characteristics of reference genes of both trials were published recently [12, 35] . Characteristics of gene-specific primers used for qPCR analysis of target genes are shown in Table 1 . Ct-values of target and reference genes were obtained using Rotorgene software 5.0 (Corbett Research) and relative mRNA expression levels were calculated using GeNorm normalisation factor, including the three most stable out of six reference genes [38] .
Western blotting
Homogenates from liver tissue were prepared and protein concentrations determined as described recently [39] . Following protein separation by 12.5% SDS-PAGE the proteins were transferred to a nitrocellulose membrane and incubated with primary antibodies against phosphorylated protein kinase-like endoplasmic reticulum kinase (PERK) (monoclonal anti-phospho PERK antibody; Cell Signaling Technology, Boston, MA, USA), total PERK (polyclonal anti-PERK antibody; Santa Cruz Biotechnology, Inc., Santa Cruz, Ca, USA), phosphorylated α subunit of eukaryotic translation initiation factor 2 (eIF2α) (polyclonal anti-phospho-eIF2α- antibody, Abcam, Cambridge, UK) and α-tubulin (monoclonal anti-α-tubulin antibody, Cell Signaling Technology, Boston, MA, USA) as a reference protein. The membranes were washed, and then incubated with a horseradish peroxidase conjugated secondary monoclonal antimouse-IgG antibody (Sigma-Aldrich, Steinheim, Germany) for phospho-IκBα, total IκBα and polyclonal anti-rabbit-IgG antibody (DakoCytomation, Glostrup, Denmark) for phospho-PERK, phospho-eIF2α, total eIF2α and α-tubulin and polyclonal anti-goat-IgG antibody (Santa Cruz Biotechnology, Inc., Santa Cruz, Ca, USA) for total PERK at room temperature. Afterwards blots were developed by ECL Select (GE Healthcare, Munich, Germany) and the intensities of the specific bands were detected with a Bio-Imaging system (Syngene, Cambridge, UK) and quantified by Syngene GeneTools software (nonlinear dynamics). 
Abbreviations: ATF4, activating transcription factor 4; BAK1, BCL2-antagonist/killer 1; BAX, BCL2-associated X protein; BCL2L1, BCL2-like 1; CASP, caspase, apoptosis-related cysteine peptidase; CCL2, chemokine (C-C motif) ligand 2; CYP1A1, cytochrome P450, family 1, subfamily A, polypeptide 1; DDIT3, DNA-damage-inducible transcript 3; DNAJC3, DnaJ (Hsp40) homolog, subfamily C, member 3; EDEM1, ER degradation enhancer, mannosidase alpha-like 1; GPX1, glutathione peroxidase 1; HMOX1, heme oxygenase 1; HP, haptoglobin; HSP90B1, heat shock protein 90kDa beta (Grp94), member 
Statistical analysis
All data were tested for normal distribution by Shapiro-Wilk following testing for detection of outliers. Means of the two groups in each of the experiments were compared using student's ttest for parametric variables, and Kruskal-Wallis test for nonparametric variables. Differences between means were considered statistically significant for p<0.05.
Results
Relative mRNA concentrations of genes involved in the UPR in the liver and skeletal muscle of lactating and non-lactating sows on day 20 of lactation
In the liver, a total of 14 genes involved in the UPR were considered in this study. Amongst them, the relative mRNA concentrations of six genes (ATF4, CASP3, DDIT3, HSP90B1, HSPA5, PDIA4) were higher in lactating than in non-lactating sows (p<0.05), whereas that of one gene (DNAJC3) tended to be higher in the lactating than in the non-lactating sows (p<0.1; Fig 1) . In skeletal muscle, 13 genes encoding proteins of the UPR were considered, from which the mRNA concentrations of six genes (BAX, BCL2L1, CASP3, EDEM1, HSP90B1, PDIA4) Relative mRNA concentrations of genes involved in the unfolded protein response (UPR) in the liver of lactating and non-lactating sows on day 20 of lactation. Filled circles (grey = non-lactating group, black = lactating group) represent individual data for each animal. Black lines represent means of individual data for each group (n = 6-10 sows per group). The mean of the non-lactating group is set to 1. The mean of the lactating group is expressed as fold of the non-lactating group and numerically indicated next to the black line. Superscript symbol indicates difference from non-lactating group (*p<0.05, # p<0.1). Abbreviations: ATF4, activating transcription factor 4; BAK1, BCL2-antagonist/killer 1; BAX, BCL2-associated X protein; BCL2L1, BCL2-like 1; CASP, caspase, apoptosis-related cysteine peptidase; DDIT3, DNA-damage-inducible transcript 3; DNAJC3, DnaJ (Hsp40) homolog, subfamily C, member 3; EDEM1, ER degradation enhancer, mannosidase alpha-like 1; HSP90B1, heat shock protein 90kDa beta (Grp94), member 1; HSPA5, heat shock 70kDa protein 5 (glucose-regulated protein, 78kDa); PDIA4, protein disulfide isomerase family A, member 4; PPP1R15A, protein phosphatase 1, regulatory subunit 15A; TP53, tumor protein p53. were higher and mRNA concentrations of two genes were lower (CASP8, DDIT3) in lactating than in non-lactating sows (p<0.05; Fig 2) . The mRNA concentrations of the other genes investigated did not differ between the lactating and the non-lactating sows (Fig 2) .
Relative mRNA concentrations of genes involved in the NLRP3 inflammasome in the liver and skeletal muscle of lactating and nonlactating sows on day 20 of lactation
In both liver and skeletal muscle four genes involved in the NLRP3 inflammasome were considered (CASP1, NLRP3, PYCARD, IL1B). The relative mRNA concentrations of none of these genes in liver and skeletal muscle were higher in the lactating than in non-lactating sows ( Fig  3A) . The relative mRNA concentration of IL1B in the liver tended to be lower in lactating than in non-lactating sows (p<0.1; Fig 3A) . In skeletal muscle, relative mRNA concentration of NLRP3 tended to be higher in lactating than in non-lactating sows (p<0.1; Fig 3B) .
Relative protein concentrations of the ER stress sensor PERK and the ER stress targets eIF2α and IκB in the liver of lactating and non-lactating sows on day 20 of lactation
The protein concentrations of p-PERK, p-eIF2α and p-IκB in the liver were 35%, 5% and 13%, respectively, higher in lactating sows than in non-lactating sows, whereas the protein concentrations of total PERK, total eIF2α and total IκB in the liver were 38%, 8% and 7%, respectively, lower in lactating sows than in non-lactating sows (Fig 4) . All of these effects were not statistically significant. Relative mRNA concentrations of NF-κB target genes in the liver and skeletal muscle of lactating sows with or without fish oil supplementation on day 20 of lactation
In the liver, relative mRNA concentrations of the seven NF-κB target genes determined were reduced by 10-79% in comparison to the control group; significant differences (p<0.05) between the two groups of sows were observed for the mRNA concentrations of LBP and ICAM1 (Fig 5A) . The mRNA concentration of HP in the liver tended to be reduced in the fish oil group (p<0.1; Fig 5A) . In skeletal muscle, the relative mRNA concentrations of three NF-κB target genes were considered, from which none was different between sows of the fish oil group and the control group (Fig 5B) .
Relative mRNA concentrations of genes involved in the UPR in the liver and skeletal muscle of lactating sows with or without fish oil supplementation on day 20 of lactation
In the liver, the mRNA concentrations of the 14 genes involved in the UPR considered were reduced by 9-58% in the fish oil group compared to the control group (Fig 6) . The reduction of mRNA concentrations of these genes was significant for four genes: BCL2L1, DDIT3, DNAJC3 and HSP90B1 (p<0.05; Fig 6) . The relative mRNA concentration of HSPA5 tended to be lower in the fish oil group compared to the control group (p<0.1; Fig 6) . In skeletal muscle, the mRNA concentrations of none of the 13 UPR target genes investigated were different between sows of the fish oil group and the control group (Fig 7) . Relative mRNA concentrations of Nrf2 target genes in the liver and skeletal muscle of lactating sows with or without fish oil supplementation on day 20 of lactation
In the liver, relative mRNA concentrations of the seven Nrf2 target genes considered were reduced by 1-47% in the fish oil group compared to the control group ( Fig 8A) ; a significant reduction (p<0.05) was observed for PRDX6, whereas the reduction of GPX1 tended to be significant (p<0.1). In skeletal muscle, the relative mRNA concentrations of the same seven Nrf2 target genes were considered. Five of them were not different between the fish oil group and the control group, whereas one (GPX1) was increased (p<0.05) and one (HMOX1) was decreased (p<0.05), respectively, in the fish oil group compared to the control group (Fig 8B) .
Relative mRNA concentrations of genes involved in the NLRP3 inflammasome in the liver and skeletal muscle of lactating sows with or without fish oil supplementation on day 20 of lactation
The relative mRNA concentrations of four genes involved in the NLRP3 inflammasome (CASP1, NLRP3, PYCARD, IL1B) in the liver did not differ between the fish oil group and the control group (Fig 9A) . In skeletal muscle the relative mRNA concentration of PYCARD was reduced in the fish oil group compared to the control group (p<0.05; Fig 9B) , whereas the other genes (CASP1, NLRP3, IL1B) were not different between groups.
Relative protein concentrations of the ER stress sensor PERK and the ER stress targets eIF2α and IκB in the liver of lactating sows with or without fish oil supplementation on day 20 of lactation
The protein concentrations of p-PERK, p-eIF2α and p-IκB in the liver were 23%, 29% and 20%, respectively, lower in sows of the fish oil group than in those of the control group (Fig  10) . The p-value of the effect on p-eIF2α was <0.1, whereas the other effects were not statistically significant. The protein concentrations of total PERK, total eIF2α and total IκB in the liver did not differ between the two groups (Fig 10) . Effect of fish oil on mRNA concentrations of genes involved in the UPR in the skeletal muscle of lactating sows. Relative mRNA concentrations of genes involved in the unfolded protein response (UPR) in the skeletal muscle of lactating sows with or without fish oil supplementation on day 20 of lactation. Filled circles (grey = control group, black = fish oil group) represent individual data for each animal. Black lines represent means of individual data for each group (n = 7-10 sows per group). The mean of the control group is set to 1. The mean of the fish oil group is expressed as fold of the control group and numerically indicated next to the black line. Abbreviations: ATF4, activating transcription factor 4; BAX, BCL2-associated X protein; BCL2L1, BCL2-like 1; CASP, caspase, apoptosis-related cysteine peptidase; DDIT3, DNA-damage-inducible transcript 3; DNAJC3, DnaJ (Hsp40) homolog, subfamily C, member 3; EDEM1, ER degradation enhancer, mannosidase alpha-like 1; HSP90B1, heat shock protein 90kDa beta (Grp94), member 1; HSPA5, heat shock 70kDa protein 5 (glucose-regulated protein, 78kDa); PDIA4, protein disulfide isomerase family A, member 4; PPP1R15A, protein phosphatase 1, regulatory subunit 15A; TP53, tumor protein p53. The plasma concentrations of HP and CRP were 10-20% lower in sows of the fish oil group than in those of the control group (HP: 2.33 ± 0.59 vs. 2.67 ± 0.81 mg/mL; CRP: 197 ± 125 vs. 324 ± 221 μg/mL), but these differences were not statistically significant.
Discussion
We have recently reported that the liver of lactating sows develops typical signs of an inflammatory condition, such as activation of NF-κB and up-regulation of genes encoding APPs, as a consequence of the metabolic and physiologic adaptations occurring during the transition from pregnancy to lactation [12] . Hepatic inflammation and the associated acute phase Fish Oil in Lactating Sows response are critical because it impairs performance of farm animals and it results in systemically elevated levels of inflammatory mediators (APPs, cytokines) and ROS. Both, inflammatory mediators and ROS are well known stimulators of ER stress that is known to induce the adaptive UPR [17] . One key finding of the present study is that ER stress-induced UPR occurs also in the liver of sows during lactation. This was evident from the up-regulation of a number of genes regulated by the UPR including the ER chaperones HSP90B1 and HSPA5, the protein disulfide isomerase PDIA4, the key regulator of ER-stress induced apoptosis DDIT3, the apoptotic protein CASP3, and ATF4, which is the main regulator of DDIT3 and ERAD components. All these genes are downstream target genes of the three ER stress transducers inositol requiring 1 (IRE1), PKR-like ER kinase (PERK) and activating factor 6 (ATF6), and, thus, these genes are considered reliable markers of ER stress [40] . Moreover, we found that phosphorylation of the ER stress transducer PERK and phosphorylation of the ER stress targets eIF2α and IκB were increased, at least numerically, in the liver of lactating sows. Collectively, these results strongly suggest that, like in high-yielding dairy cows [27] , ER stress and the induction of the UPR occur in the liver of lactating sows. Like in the liver, at least some of the UPR-regulated genes considered were found to be up-regulated in skeletal muscle of lactating sows, which indicates that the occurrence of ER stress-induced UPR during lactation is not restricted to the liver but is present also in non-hepatic tissues.
A second main finding of the present study is that feeding fish oil as a source of anti-inflammatory n-3 PUFA inhibits the ER stress-induced UPR in the liver of lactating sows, as evidenced from down-regulation of UPR target genes and decreased phosphorylation of PERK, eIF2α and IκB. In addition, we observed that the mRNA levels of NF-κB regulated genes encoding inflammatory mediators, like APPs, cytokines, chemokines and adhesion molecules, Fish Oil in Lactating Sows in the liver of lactating sows were reduced, at least numerically, in the fish oil group compared to the control group. Considering the down-regulation of all genes investigated in the liver in the fish oil group it has to be pointed out that this is a specific biological effect of fish oil, because we have recently demonstrated that fish oil is also able to cause an up-regulation of genes, like lipoprotein lipase, cytochrome P450 4A24, of certain metabolic pathways in the liver of sows [35] . In line with the inhibition of inflammatory gene expression, we found 13 to 39% decreased plasma levels of HP and CRP, respectively. HP and CRP are two of the main positive APPs produced in the liver of pigs within the acute phase response [41] [42] [43] [44] , and both APPs have been shown to be elevated in plasma of sows one week after farrowing compared to late pregnancy [14] . Although the effect of fish oil on the plasma levels of APPs was not Fish Oil in Lactating Sows significant due to the large biological variation between individual sows, which has been reported also from others [45] , our observation indicates that fish oil is able to attenuate the pro-inflammatory process associated with lactation. Since inflammatory mediators are important signals for the induction of ER stress, our findings suggest that fish oil inhibits the ER stress-induced UPR by attenuating the inflammatory condition in the liver of lactating sows. Inhibition of hepatic NF-κB by fish oil in the liver probably also provides the molecular basis for the observation from Papadopoulos et al. [33] that a diet with a low n-6:n-3 PUFA ratio reduces plasma levels of the APP SAA in lactating sows. The inhibitory effect of n-3 PUFA on NF-κB has long been known and is explained by PPARα-mediated transrepression of NF-κB due the ability of n-3 PUFA to bind to and activate PPARα [46] . A further interesting finding of the present study is that feeding of fish oil decreases the mRNA levels of Nrf2-regulated genes in the liver of lactating sows. This finding is also indicative of inhibition of ER stress, because activation of the cytoprotective Nrf2 pathway has been shown to be the consequence of ER stress and to be mediated through the ER stress inducer PERK [24] . Thus, our recent observation that the Nrf2 pathway is activated in the liver of lactating sows compared to non-lactating sows [12] is a further indirect evidence for the occurrence of ER stress in the liver of sows during lactation. Like in lactating sows, activation of Nrf2 was found recently in the liver of high-yielding dairy cows during early lactation [47] . In lactating cows, this effect has been interpreted as a compensatory means to protect the liver against ROS-and inflammation-induced damage [47] , because Nrf2 controls the transcription of various antioxidative and cytoprotective proteins. Thus, the physiologic meaning of Nrf2 activation in the liver of sows during lactation might be the same as in dairy cows.
In contrast to the liver, feeding fish oil failed to inhibit the ER stress-induced UPR in skeletal muscle of lactating sows as shown by unaltered mRNA levels of UPR-regulated genes. Similarly, feeding fish oil largely did not reduce the expression of NF-κB and Nrf2 target genes in skeletal muscle, suggesting that fish oil did not exert an anti-inflammatory and cytoprotective action in skeletal muscle of the lactating sows. Since a pro-inflammatory environment induces ER stress, the observation that fish oil did not attenuate skeletal muscle expression of proinflammatory NF-κB target genes is likely responsible for the lack of inhibition of ER stressinduced UPR in skeletal muscle of the lactating sows. We have no true explanation for the lack of anti-inflammatory effect of fish oil in skeletal muscle, but it may be explained by a lower availability of n-3 PUFA in skeletal muscle than in the liver. It is well known that one important mechanism explaining the anti-inflammatory effects of n-3 PUFA from fish oil, such as EPA and DHA, is that they compete with arachidonic acid in the membrane phospholipids for cyclooxygenase and lipoxygenase, with the consequent production of less potent inflammatory eicosanoids and of anti-inflammatory mediators such as resolvins. Although we did not analyse the proportions of n-3 PUFA and arachidonic acid in skeletal muscle and liver lipids due to the limited amount of liver and skeletal muscle biopsy samples, we postulate that the dietary n-3 PUFA taken up from the fish oil were incorporated at greater levels into the liver lipids than into the muscle lipids. This assumption is based on several studies in pigs and rats showing that dietary n-3 PUFA are incorporated to a greater extent into liver lipids than into skeletal muscle or adipose tissue lipids [48, 49] .
In the present study, we also considered the NLRP3 inflammasome pathway, a pro-inflammatory signaling pathway which has not yet been investigated in lactating sows. This pathway is known to be activated by "danger" signals like saturated fatty acids, but also ROS and pathogenassociated molecular patterns, such as lipopolysaccharides, microbial proteins and doublestranded ribonucleic acids, and to mediate the release of pro-inflammatory cytokines, such as IL-1B and IL-18 [34] . In contrast to the other stress pathways (UPR, NF-κB, Nrf2) considered, we found no evidence for an activation of the NLRP3 inflammasome pathway in neither liver nor skeletal muscle of sows during lactation. This was demonstrated by unaltered mRNA concentrations of four NLRP3 inflammasome-related genes (CASP1, NLRP3, PYCARD, IL1B) in tissues of lactating and non-lactating sows. In addition, administration of fish oil failed to reduce the expression of most of the NLRP3 inflammasome-related genes in liver and skeletal muscle of lactating sows, although it has been reported in the literature that n-3 PUFA are able to inhibit NLRP3 inflammasome activation, at least in human THP-1 cells [50] . At the moment, we have no explanation for the lack of effect of lactation and fish oil treatment on the NLRP3 inflammasome pathway in sows, but it is possible that further genes involved in this pathway have to be considered to obtain a more meaningful picture about regulation of this pathway by lactation and fish oil in sows. Further investigations on this issue are warranted in future studies.
Our study has one limitation: When compared to the typical litter size of high-yielding genotypes in modern pig production, the litter size in the second study (8 piglets/sow) was quite small. This indicates that the energy requirement for milk production and consequently the lactation-induced metabolic stress and the induction of pro-inflammatory and ER stress signalling pathways was lower in the second than in the first study. Indeed, we have recently reported that the lactating sows of the first study were in a strong negative energy balance of approximately -35 MJ ME/day suggesting that the increase of feed intake during lactation was not sufficient to fully compensate the increased energy requirement for milk production [13] . In contrast, the lactating sows of both the control and the fish oil group in the second study had only a slightly negative energy balance of approximately -5 MJ ME/day [35] . Accordingly, the obviously lower metabolic stress in sows of the second study may explain that the down-regulation of inflammatory and ER stress-related genes in the liver of the fish oil group was only moderate. Nevertheless, the observation that fish oil was able to inhibit the expression of all of these genes in sows that experienced only moderate stress indicates that fish oil is an efficient dietary approach to combat lactation-induced metabolic and inflammatory stress in sows. Thus, future studies are warranted investigating the efficacy of dietary fish oil in high-yielding genotypes with markedly greater litter sizes of 15 and more piglets. In addition, such studies should include several time points during lactation for tissue sample collection in order to consider possible dynamic changes of the inflammatory and ER stress response in sows during lactation.
Conclusion
Our study shows for the first time that, like in dairy cows, ER stress-induced UPR is present in the liver and skeletal muscle of sows during lactation, and dietary fish oil is able to inhibit, at least in the liver, ER stress-induced UPR and inflammatory and stress signaling pathways, which are involved in the induction of ER stress. The occurrence of ER stress in the liver during lactation indicates that the metabolic and physiologic changes occurring during the transition from pregnancy to lactation represent cellular stress that might be detrimental to health and performance of sows. At least in dairy cows it has been suggested that the ER stress-induced UPR contributes to the pathophysiologic conditions commonly observed in the liver of periparturient cows [27] , such as fatty liver and ketosis, which are considered critical with regard to milk and reproductive performance. Although little is known about the occurrence of liverassociated diseases and its relevance for milk and reproductive performance in lactating sows, it is assumed that feeding fish oil is a useful dietary strategy to improve health and performance of lactating sows.
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